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Basement membraneNumb is an adaptor protein implicated in diverse basic cellular processes. Using the yeast-two hybrid system
we isolated a novel Numb interactor in zebraﬁsh called NBP which is an ortholog of human renal tumor sup-
pressor Kank. NBP interacts with the PTB domain of Numb through a region well conserved among vertebrate
Kanks containing the NGGY sequence. Similar NBP and Numbmorphant phenotype such as impaired conver-
gence and extension movements during gastrulation, neurulation and epidermis defects and enhanced phe-
notypic aberrations in double morphants suggest that the genes interact genetically. We demonstrate that
the expression of NBP undergoes quantitative and qualitative changes during embryogenesis and that the
protein accumulates at the cell periphery to sites of cell–cell contact during gastrulation and later in develop-
ment it concentrates at the basal poles of differentiated cells. These ﬁndings imply a possible role of NBP in
establishing and maintaining cell adhesion and tissue integrity.
© 2012 Elsevier Inc. All rights reserved.Introduction
Numb was originally identiﬁed as a gene required for normal de-
velopment of the peripheral nervous system in Drosophila (Uemura
et al., 1989). Later on, Numb, encoding several splicing isoforms, and
the related Numblike, were isolated in vertebrates (Yan, 2009 for re-
view). In the last years, plenty of studies in Drosophila and mammals
have demonstrated the importance of Numbs in different ﬁelds such
as developmental neurobiology, cancer biology and neurodegenera-
tive diseases and at cellular level, their implication in regulating cell
fate determination, dendritic spine development, endocytosis, pro-
tein recycling, cell cycle and proteosomal protein degradation
(reviewed by Gulino et al., 2009). Despite the fact that the precise
biochemical role of Numbs in diverse cellular processes is mostly
waiting to be uncovered, it becomes evident that they may act as
adaptors facilitating the formation of multi-protein complexes. The
majority of interacting partners isolated to date act either likegy, Center for Molecular Med-
50931 Cologne, Germany. Fax:
ggetti).
rights reserved.Numb-associated E3 ligases participating in endocytosis or they un-
dergo endocytosis and recycling mediated by Numbs (Gulino et al.,
2009). No Numb-interacting partner has been identiﬁed yet in
lower vertebrates. In the current study, we isolate in zebraﬁsh a
new interactor of both Numb splicing variants, NBP (Numb-Binding
Protein) which is an ortholog of human Kank3 (known also as
ankyrin repeat domain 47, ANKRD47). Kank3, together with Kank1
(ANKRD15), Kank2 (ANKRD25) and Kank4 (AMKRD38), belongs to
the Kank (Kidney ankyrin repeat-containing protein) family deﬁned
recently (Kakinuma et al., 2009; Zhu et al., 2008). There is limited
information about the function of Kanks yet and the only studies
on vertebrates Kanks are coming from cell cultures. The human
Kank1 was originally found as a tumor suppressor of renal cell carci-
noma (Sarkar et al., 2002). Its deletion is connected also with familiar
cerebral palsy (Lerer et al., 2005). Findings that Kank1 in mammalian
cells may regulate the actin cytoskeleton by interacting with both
IRSp53 and 14-3-3 proteins (Kakinuma et al., 2008; Roy et al., 2009)
outline the importance of Kank proteins in various cellular path-
ways. The human Kank2 (called also SIP) binds steroid receptor coac-
tivators and by their sequestering in the cytoplasm participates in
transcription regulation (Zhang et al., 2007). Overexpression of the
Kank2 mouse homolog in chicken embryo ﬁbroblasts and human os-
teosarcoma cells increases the cell proliferation rate and induces their
165B. Boggetti et al. / Developmental Biology 365 (2012) 164–174oncogenic phenotype (Harada et al., 2005). VAB-19, the ortholog of
Kank proteins in Caenorhabditis elegans, is involved in epidermis cell
elongation also through the actin cytoskeleton (Ding et al., 2003).
CG10249, the single ortholog of Kank proteins in Drosophila, has
been identiﬁed in the screening for genes required for normal neuro-
nal cells development (Sepp et al., 2008). There is no information on
the function of Kank3 and Kank4 in vertebrates and no Kank protein
has been characterized in lower vertebrates. In the present study,
we reveal that zebraﬁsh NBP interacts with Numbs through a novel
motif well conserved in all vertebrates Kanks. We demonstrate that
NBP is a protein with nonredundant function during zebraﬁsh em-
bryogenesis as its deﬁciency causes serious embryo defects and
lethality within 48 h. Cell biology and genetic approaches reveal a
putative role of NBP in establishing and/or maintaining cell adhesion
and polarity.
Material and methods
Fish strains and staging
Zebraﬁsh embryos were obtained from spontaneous spawning
and staged according to Kimmel et al. (1995). Adult ﬁsh were kept
at 28.5 °C on a 14 h light/10 h dark cycle.
Yeast two-hybrid assay, cDNA library and 5′-RACE
The HybridZAP® 2.1 two-hybrid system (Stratagene) was used
to screen a zebraﬁsh cDNA library with either the PTBL domain of
zebraﬁsh Numb1 (AY583653.1) or the PTBS domain of Numb3
(AY583654.1) as baits. For details on cDNA library construction, plas-
mids preparation and primers sequences see Supplemental Material
and Methods. Twenty and twelve million colonies, respectively,
were tested in His+ and X-Gal assays and not-self-activating clones
were sequenced. For further studies, we selected the gene which we
named NBP. The missing 5′-end of the cDNA was ampliﬁed by
5′-RACE System (Life Technologies). For quantitative analysis of
protein binding and for identiﬁcation of interaction domains we
used the yeast two-hybrid assay and ﬂuorometry method (for de-
tailed procedure, plasmids construction and primers sequences see
Supplemental Material and Methods).
Phylogeny, domain and protein structure analysis
The NBP amino acid sequence predicted from the cDNA obtained
in the present study was used as a query for searching against the
non redundant protein NCBI database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Full-length protein sequences with structures resembling
NBP were aligned by ClustalW XXL (http://www.ch.embnet.org/
software/ClustalW-XXL.html) and phylogram was displayed by
TreeView X program. Alignment of Danio-NBP and representative se-
quences from the ANKRD47 subfamily (Homo, Mus and Taeniopygia)
and alignment of putative Numb-binding regions were performed by
ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html). For
programs used for searching conserved domains, motives and locali-
zation predictions see Supplemental Material and Methods.
In vitro binding procedures and Western blotting
The fusion proteins were expressed in Escherichia coli BL21 (for
vectors preparation see Supplemental Material and Methods) and
isolated with PBS (pH 8.1) buffer supplemented with 1 mM PMSF,
1 mM DTT and 0.1% Triton X-100. His-fusion proteins were puriﬁed
using TALON metal afﬁnity resin (Clontech), GST-fusion proteins
with Glutathione Sepharose 4B beads (GE Healthcare). Supernatants
of His- and GST-fusion proteins (10 μg each) were mixed with 1 μg
of either GST-fusion protein coupled to Glutathione Sepharose 4Bbeads or His-fusion protein coupled to TALON metal afﬁnity resin,
respectively. Beads and resin were washed with PBS buffer, re-
suspended in SDS-Laemmli sample buffer and used for Western blot-
ting. Proteins from 24 hpf wild-type and morphants were isolated by
lysis buffer (50 mM Tris–HCl pH 7.6, 1% Nonidet P-40, 1 mM PMSF,
2 mM DTT, 10% glycerol and 0,5%, Protease Inhibitor Cocktail, Sigma
P 8340) and used for Western blotting (antibodies and procedure
are described in Supplemental Material and Methods).Creation of knockdown embryos and EGTA treatment
NBP and Numbs knockdown embryo lines were generated
using the antisense morpholino oligonucleotides (MOs, Gene Tools)
technology. The following MOs were used: NBP MO (5′-TGCACA-
GATTGGGTCATTTTATGTA-3′), the NBP mismatch MO (NBP MOC, 5′-
TGCAGACATTGCGTGATTTTATCTA-3′), Numb MO (5′-TCAGAC-
GAACTGCTCGTATCCACAC-3′) and the Numb mismatch MO (Numb
MOC, 5′-TCACACCAACTCCTCCTATCGACAC-3′). NBP MO and Numb
MO were injected in 5 nl Danieau's buffer (Nasevicius and Ekker,
2000) at 100–600 μM concentration into one-four-cell stage embryos
to create single or, in combination, double knockdown morphants.
For mRNA rescue experiments, Danieau's buffer containing 200 ng/μl
NBP mRNA (see Supplemental Material and Methods) was in-
jected along with 600 μM NBP MO. Control experiments were per-
formed with NBP MOC and Numb MOC at 600 μM. For EGTA
treatment, embryos were kept with the chorion and brieﬂy washed
with calcium–magnesium-free medium followed by incubation for
1 h in 20 mM EGTA.Bimolecular ﬂuorescence complementation analyses (BiFC), GFP
technology and immunohystochemistry
Capped mRNAs for BiFC (Hu et al., 2002) and GFP technologies
were ampliﬁed in vitro using the mMessage mMachine kit (Ambion)
from the Numbs-HA-YC and NBP-cMyc-YN plasmids, and from the
pCS2+EGFP-NBP plasmid, respectively (for plasmid construction
see Supplemental Material and Methods). 1 ng of RNAs in 5 nl ali-
quots were injected into one-four-cell stage wild-type embryos. For
immunohistochemistry, 24 hpf embryos used in the BiFC assay were
ﬁxed with 4% formaldehyde in MTSB buffer, dehydrated, embedded
in Steedman wax and sectioned (Vitha et al., 2001). Sections were
probed with primary antibodies for 1 h, washed and treated for 1 h
with appropriate secondary antibodies (antibodies are listed in Sup-
plemental Material and Methods).RT-PCR, in situ hybridization and TUNEL assay
Total RNA was extracted with Trizol (Invitrogen). First-strand
DNA synthesis was performed with the Invitrogen Superscript ﬁrst-
strand synthesis system. RT-PCR (30 cycles) was carried out using ei-
ther NBP1 and NBP2 primers generating a 1730 bp fragment of NBP or
β actin1 and β actin2 primers producing a β actin fragment as a con-
trol (primer sequences are in Supplemental Table S1). Whole-mount
in situ hybridizations were performed as described (Thisse et al.,
1993). RNA probes and primer sequences are present in Supplemen-
tal Material and Methods. For detailed histological studies, probed
embryos were ﬁxed by 4% formaldehyde and embedded in Araldite
(Serva) and sectioned. For TUNEL assay, 24 hpf embryos injected
with either 1 mM NBP MO or Numbs MO were ﬁxed with 4% formal-
dehyde for 4 h, permeabilized with acetone at −20 °C, washed
twice for 10 min with PBS (pH 7.2) supplemented with 0.001% Triton
X-100 and 0.1% sodium citrate and labeled for apoptotic cells by In
situ Cell Death Detection Kit (Roche).
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For transmission electron microscopy, embryos were ﬁxed with
1.25% Glutalaldehyde/2% paraformaldehyde in 0.1 M PIPES buffer
(pH7.0), dechorionated and postﬁxed with 0.5% OsO4/0.8% K3
[Fe(CN)6] in PIPES buffer. After contrasting en bloc with 2% uranyla-
cetate in 25% ethanol, samples were dehydrated by ethanol and em-
bedded in EPON. Sections were prepared by Leica EM UC6
ultramicrotome and examined by a Zeiss T109 transmission electron
microscope. Images of whole embryos and sections were collected
on Leica MZ FLIII ﬂuorescence-stereo, Leica DMR ﬂuorescence, Zeiss
LSM 410 confocal and Zeiss LSM 510 META confocal microscopes.
Results
Identiﬁcation of NBP
Because both zebraﬁsh Numb splicing isoforms showed self-
activation ability in the yeast two-hybrid assay (Supplemental Fig.
S1), we performed two yeast two-hybrid screenings using either the
Numb1 PTBL or the Numb3 PTBS domain as characterized previously
(Reugels et al., 2006) which did not show such ability (for details see
Supplemental results and Supplemental Fig. S1). Sequence analysis of
plasmids for 25 positive clones revealed that their inserts corre-
sponded to seven different genes. For this study we selected oneHomo-NP_055973.2               GAKKN
Mus-NP_852069.4                GAKKN
Monodelphis-XP_001374130.1     STKKN
Ornithorhynchus-XP_001509165.1 STKKN
Taeniopygia-XP_002194599.1     NTKKN
Danio-CAM14466.1               GTKKN
Xenopus laev.-NP_001086469.1   NTKKN
Homo-NP_056308.2               AHRRS
Mus-NP_663586.3                VNQRN
Monodelphis-X_P001364818.1     SNRKN
Danio-XP_700243.3              YTKKN
Homo-859063.3                  GTKKN
Mus-NP_766460.2                GTKKN
Monodelphis-XP_001380918.1     GTKKN
Ornithorhynchus-XP_001514557.1 GTKKN
Taeniopygia-XP_002194883.1     GTKKN
Danio-XP_00266                 GAKKN
Homo-NP_940873.2               SGPKS
Mus-NP_109622.1                QGPKS
Monodelphis-XP_001376400.1     SGPKS
Ornithorhynchus-XP_001505538.1 TGRKS
Taeniopygia-XP_002189673.1     GSKKS
Danio-NBP                      SSKKS
                                  :.
coiled-coil motifs
NBP-2402
321
5’UTR 
A
B 
Fig. 1. NBP belongs to the ankyrin repeat domain 47/Kank3 protein group. (A) Schematic di
99%, gray boxes represent sequences of three ankyrin repeats as deﬁned by Prosite (PS5
sequence. Starting points of the two positive clones ﬁshed out in the yeast two-hybrid scree
(B) Alignment of the NBP region (highlighted in gray) containing the Numb-binding motif “
in black) and conserved residues ﬂanking the NGG(E)Y motif are present in all proteins.gene that appeared in both screenings named here NBP. Three yeast
colonies contained a plasmid with an identical 1783 bp-long DNA
fragment (called NBP1783 in the paper) and one colony contained a
2402 bp-long fragment (named NBP2402).
NBP belongs to the Kank protein family
After amplifying the missing part of cDNA by 5′-RACE, we
searched the NCBI DNA database and found that NBP is encoded by
the genomic DNA sequence NW_001879395 mapped to chromosome
8 (region 214154–256027). The cDNA (the scheme is in Fig. 1A)
and amino acid sequences of NBP obtained in the present study
are slightly different from the XM_001919063.1 and XP_001919098.
1, respectively, which appeared recently in the NCBI database. The
protein contains 914 amino acids, has a predicted molecular mass
of 99.57 kDa and has not been previously characterized in any or-
ganism. By conserved domains and motives searching, we found
that NBP contains three Prosite ankyrin repeats (PS5088) situated in
the ankyrin repeat region (PS50297) at the protein C-terminus and
two coiled-coil motives predicted by Marcoil1.1 program at threshold
99% (Fig. 1A) upstream of the ankyrin repeat region. A putative nucle-
ar export signal and bipartite nuclear localization signal proﬁle
(PS50079) were predicted by using NetNes service and MyHits
Motif Scan program, respectively, close to the protein N-terminal
end (Supplemental Fig. S2A). For the alignment of human, mouseLQFVG-INGGYETTSSDDSSSDESS 
LQFIG-INGGYETTSSDESSSDGSS 
LQFVG-INGGYETTSSDDSSSDESS 
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agram of NBP cDNA. Checked boxes indicate coiled-coil domains predicted at threshold
088). The numbers on top of the diagram mark intron positions within the genomic
nings (NBP-1783 and NBP-2402) and the NGGY Numb-binding motif are also indicated.
NGGY” and homolog regions of other ANKRD proteins. The NGG(E)Y motif (highlighted
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sequences see Supplemental Figs. S2A, B. These analysis reveal
that Danio rerio NBP may be grouped in the ANKRD47 (called more
recently Kank3), which together with the close ANKRD15 (Kank1),
ANKRD25 (Kank2), ANKRD38 (Kank4) and some invertebrate ortho-
log proteins compiles the newly deﬁned Kank protein family (Zhu
et al., 2008). Amino acid identity of zebraﬁsh NBP against published
sequences of other vertebrates ANKRD47 is between 34 and 45%
and positives more than 50%. Ankyrin repeat regions as deﬁned by
Prosite (PS50297; Supplemental Fig. S2A), show higher amino acid
identity (about 68% for mammalian and 78% for avian homologs)
and positives (about 90% in all vertebrates). In the remaining parts
of the proteins there are also several amino acid stretches with high
percentage identity (Supplemental Fig. S2A). Few ortholog sequences
to Kanks with overall amino acid identity between 20 and 25% are
known also in invertebrates (Supplemental Fig. S2B).
NBP interacts with Numbs through a well conserved region among
Kank proteins
To characterize in detail the interaction between Numbs and NBP,
we used ﬂuorometric quantitative analysis (general strategy, plasmid
combinations and detailed results are present in Supplemental
Results, quantiﬁcation data are given in Supplemental Fig. S1). In
summary, by a combination of restriction analysis, site-directed mu-
tagenesis and different cloning strategies we found that the Numb-
Binding Region (NBR) is located in the central part of NBP and con-
tains the “NGGY” core sequence in which asparagine and tyrosine
are absolutely required for binding (Supplemental Fig. S1). Compari-
son of known protein sequences showed the presence of the “NGGY”
motif upstream of the ankyrin repeat region in almost all known
Kank1, 2 and 4 proteins (Fig. 1B). With few exceptions, including
the zebraﬁsh NBP, the Kank3 members contain the “NGEY” motif.
Sequences ﬂanking the “NGG(E)Y” stretch are also well conserved
among vertebrates Kanks (Fig. 1B).
Numb proteins and NBP are binding in vitro and in living embryos
In an in vitro binding assay, GST–NBP fusion protein was able to
precipitate both His-Numb1 and His-Numb3 fusion proteins where-
as GST failed to do so (Fig. 2A top and second panels). In a reciprocal
experiment, His-Numb1 and His-Numb3 were able to bring down
GST–NBP whereas the His peptide gave negative results (Fig. 2A
third and bottom panels). By BiFC assay, we showed that NBP1783
is interacting with both Numb isoforms (Figs. 2B, C). Detailed analysis
revealed that the signal achieved by restoring YFP from YFP frag-
ments bearing Numb1 and NBP1783 appeared at the cell periphery
(Fig. 2B right panel), whereas that produced by the Numb3–
NBP1783 interaction was dispersed through the cytoplasm (Fig. 2C
right panels). No ﬂuorescence was detected in embryos injected
with all RNA combinations which included the YFP fragments alone
(not shown).
The expression pattern of NBP is developmentally regulated
RT-PCR analysis showed that the NBP transcript is ﬁrst detectable
at dome stage and increases gradually up to 11 hpf (Fig. 2D). During
late somitogenesis (16 hpf), the expression sharply increases and
sustains at a similar level as development progresses. A β actin frag-
ment was ampliﬁed as a control (not shown). Whole-mount in situ
hybridization revealed ubiquitous weak expression of NBP during
the blastula and gastrula stages and in early somitogenesis. At
24 hpf, NBP concentrates in the epidermis, in vascular endo-
thelial cells of the head, axial and intersomitic vessels, in the devel-
oping ﬁn fold epidermis, dorsal aorta, gut and appears to be localizedat the basal pole of neural tube cells (Figs. 2E–G; Supplemental
Fig. S3C).
NBP is polarly localized
To investigate the subcellular distribution of NBP, we analyzed
the localization pattern of the GFP–NBP fusion protein at ca. 75%
epiboly, in two-four-somite stage and 24 hpf embryos. During gas-
trulation, the weak ﬂuorescent signal was distributed through the
cytoplasm of all cell types (Figs. 2H–J). In the deep cells, NBP also
clearly accumulated at the cell periphery in correspondence with
the cell–cell contacts (Fig. 2H, Supplemental movies 1 and 2) and
in the enveloping layer cells (EVL) NBP was concentrated basolater-
ally (Figs. 2I, J). In two-four-somite stage embryos, NBP was en-
riched at the basal poles of neuronal cells at the contact with the
basement membrane (Fig. 2K, Supplemental movie 3); in the noto-
chord cells, NBP was accumulated at the membrane faced to the
notochordal sheath (Fig. 2L, Supplemental ﬁle 4). At 24 hpf, dis-
persed cytoplasmic localization of NBP was observed in cells of all
tissues (Fig. 2M; Supplemental Figs. S3F–I). In cells of the neural
tube (Fig. 2M; Supplemental Figs. S3G, H), otic epithelial cells (Sup-
plemental Fig. S3G), and retinal cells (Supplemental Fig. S3F, movie
5) the protein accumulated at the basal poles so that the position
of the basement membrane was clearly distinguishable. Z projection
of stacks revealed that the signal present at the cell-basement mem-
brane contacts assumed a patches shape (Fig. 2M). Boundaries be-
tween the somites where muscle ﬁbers are attached showed
strong NBP deposition (Fig. 2M; Supplemental Fig. S3H). In epider-
mal cells, NBP was localized basolaterally in EVL similarly to
Numb1 (Supplemental Figs. S3I, J). In primary mouse keratinocytes
cultured in vitro, both NBP–GFP and NUMB1–GFP showed basal lo-
calization (Supplemental Figs. S5A, C). Additionally, while NBP
remained dispersed in the cytoplasm, Numb1 was exclusively local-
ized at the plasma membrane (Supplemental Figs. S5B, D). We ana-
lyzed the intracellular pattern of NBP also in chemically ﬁxed
embryos utilized in the BiFC assay. We took advantage of the fact
that fusion proteins contained either the c-myc or the HA epitopes,
respectively. Analysis of embryos co-injected with mRNAs encoding
NBP1783-cMyc-YN and Numb1-HA-YC showed that chimera pro-
teins are co-localized at the cell periphery in all cell types (Fig. 2N;
Supplemental Fig. S3K). Co-expressed NBP1783-cMyc-YN and
Numb3-HA-YC fusions were dispersed through the cytoplasm
(Fig. 2O; Supplemental Fig. S3L).
NBP is required for embryo development and surviving
We knocked down NBP with MOs and found by immunoblotting
that the injected MOs effectively reduced the protein amount
(Fig. 3B). The morphants were delayed in epiboly progression and
displayed defective convergence and extension (C&E) movements in
late gastrulation as underlined by studying either ntla expression,
which labels the axial mesendoderm cells (ca. 80% epiboly, Fig. 5A),
or shhb, which labels cells overlying the presumptive notochord that
will develop as ﬂoor plate (ca. 90% epiboly, Fig. 5B). In early somito-
genesis, C&E defects were discerned by studying the expression of
the somitic mesoderm marker myod1 (six-somite stage, Fig. 5C). Fur-
thermore, the measurement of the mediolateral width of the neural
keel in embryos probed with islet1 at ﬁve different positions along
the midline of the trunk region marked with myod1 revealed that
the morphants developed a signiﬁcantly (pb0.001 in all cases)
wider neural keel than control embryos (six-somite stage, Figs. 5D,
E). The morphants showed reduced growth when observed at
24 hpf and displayed a shortened body axis (Fig. 3A). Somites
adopted a U-shape rather than the chevron-shape seen in wild-type
embryos while the number of somites was unchanged. In the neural
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Fig. 2. NBP and Numbs interact in vitro and in vivo. (A) Immobilized GST or GST–NBP fusion protein were mixed with either His alone, His-Numb1 or His-Numb3. The complexes
were washed, analyzed by SDS-PAGE, and immunoblotted with either anti-His6 (top panel) or anti-GST (second panel). Immobilized His, His-Numb1 or His-Numb3 fusion proteins
were mixed with either GST alone or GST–NBP. The complexes were washed, analyzed by SDS-PAGE and immunoblotted with either anti-GST (third panel) or anti-His6 (bottom
panel). (IP: immunoprecipitation; WB: Western blot). (B) YFP in the BiFC assay was restored due to the NBP–Numb1 interaction in the whole embryo (left) and in the cells the
ﬂuorescent signal was detected at their periphery (right picture is showing cells of the neural tube). (C) NBP–Numb3 association resulted in the formation of YFP bimolecular com-
plex in the whole embryo (left). At the cellular level, YFP signal was localized in the cytoplasm (right, upper picture represents the retina, bottom picture a cell of the neural tube).
NBP exhibits distinct expression and localization patterns. (D) RT-PCR results showed that NBP expression started at dome stage and progressively increased during development.
(E–G) Distribution of NBP transcripts revealed by whole-mount in situ hybridization. 24 hpf embryos (E, F lateral view, anterior to the left; G, transversal section of trunk region).
Transcripts of NBP became concentrated in vascular endothelial cells of the head (arrows in E), axial (arrowheads in E) and intersomitic vessels (arrows in F), and in the median ﬁn
fold (arrowhead in F). Section in G shows NBP expression in the epidermis, median ﬁn fold (ﬁlled arrowhead), at the basal pole of neural tube cells, in the dorsal aorta (arrow) and
in the gut (open arrowhead). (H–M) NBP–GFP fusion protein localization. During gastrulation (ca. 75% epiboly; H–J) NBP–GFP is distributed uniformly in the cytoplasm. In deep
cells it accumulates at the periphery in correspondence with the cell–cell contacts (arrows in H). In the EVL (I, J), the signal intensity signiﬁcantly increases at the basal and lateral
membranes (J, arrowhead points to the contact between EVL and yolk cell, arrow points to the contact between neighboring EVL cells; I shows a tangential section through the EVL
covering deep cells, arrows point to lateral membranes). In two- to four-somite stage embryos, the cells exhibit cytoplasmic localization (K, L). In neuronal cells (K), NBP is accu-
mulated at the basal pole at the contact with the basement membrane (arrows) and in notochord cells at the notochordal sheath (arrows in L). In 24 hpf embryos, NBP is cytoplas-
mic in neural tube cells (arrowhead in M points to a single neuronal cell). Z projection shows the punctuated pattern of neuronal cells-basement membrane attachments (arrows
point to somitic boundaries). (N, O) Immunodetection of NBP and Numbs. For proteins co-localization, the antibody against c-myc (for NBP) was growing also in mouse but
detected with a secondary antibody coupled with cy3, the antibody against HA (for Numbs) was growing in rat and detected by a secondary antibody conjugated with FITC.
NBP and Numb1 when co-expressed were localized exclusively at the cell periphery (N). When NBP was co-expressed with Numb3, both proteins were distributed through the
whole cells (O). N and O show the area around the border between the neural tube (N) and the somite (S). Scale bar: B and C left panels, E, F=100 μm, B and C right panels,
G–J, L, N, O=10 μm, M=5 μm, and K=2 μm.
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epidermal cells; arrowheads in F and H). Tumor-like structures emerged from the dorsal part of the embryo (asterisks in F, G, and H). They were composed of enlarged cells
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of unorganized cell masses which emerged dorsally (20%, n=1000,
Fig. 4A). Transversal sections demonstrated that the neural tube of
such embryos was composed of an unorganized tissue with the nuclei
spread through the whole neural tube and with dividing cells not re-
stricted to the apical side as it occurs in wild-type embryos (Fig. 4C).
Neural tubes frequently lacked well developed midline positive to
actin (Fig. 4D) and β-catenin (Fig. 4E) or show multiple midlines
(Fig. 4D). The epidermal cells of morphants were often irregular in
shape and size and showed severe detachment between each other
(Fig. 3C). Around 20% of the embryos (n=1000) displayed cell disso-
ciation from the embryonic surface in the region dorsal to the neural
tube and formation of compact unorganized cell aggregates (Figs. 3A,E–H). During somitogenesis, a series of morphological abnormalities
were estimated using speciﬁc markers (Supplemental Fig. S4). In-
creasing the MOs concentration to 1 mM resulted in great TUNEL-
positive staining in the neural tube and primarily in the hindbrain,
suggestive of enhanced cell death (Fig. 4B). The morphants as a rule
died within 48 hpf. The different levels of phenotypic alterations
obtained by injecting increasing concentrations of NBPMO compared
to the control NBP MOC, which did not affect zebraﬁsh embryogene-
sis, are reported in Supplemental Table S2. For mRNA rescue experi-
ments, co-injection of 200 ng/μl NBP mRNA with 600 μM NBP MO
rescued the NBP morphant phenotype (Supplemental Table S2). Par-
allel, in analogous experiments we knocked down both Numb iso-
forms and found that Numb MO embryos beside other abnormalities
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Fig. 4. NBP is required for neural tube development. Panels compare NBP morphants (NBP MO) and double knockdown NBP;Numb mutants (NBP;Numb) with wild-type embryos
(WT). (A) Many cells in the neural tube of the 24 hpf morphants, particularly of the embryos injected with 1 mM NBPMO, gave positive reaction in the TUNEL assay when compared
to embryos either injected with the mismatch NBP MOC (at 1 mM, not shown) or un-injected (ﬂat preparations, anterior to the left). (B) Abnormal growth in the ventricle of the
hindbrain in NBPMO embryos (ﬂat preparations, anterior to the left). (C–F) Neural tube defects in the NBPmorphants. In embryos depleted from NBP (E, right picture) the cells of
the neural tube frequently failed to form the usual epithelial structure composed of elongated columnar cells (arrows point to β-catenin membrane staining of baso-apically ori-
ented polarized wild-type cells and of randomly oriented rounded cells in the morphant), the tissue appeared to be unorganized and did not form the typical midline enriched in β-
catenin and actin ring characteristic for wild-type (D; E, arrowheads in the left and middle pictures). The nuclei (visualized by acridine orange) were not placed in their character-
istic positions (C, left picture) but were scattered in the whole volume and their divisions were not restricted to the apical side of the neural tube (arrow in C, right picture, points to
an anaphase in a deep region of the neural tube). For the morphant, E and C represent the same section probed by anti-β-catenin antibody (E) and acridine orange (C), respectively.
(D) More than one neurocoel developed in the NBP morphants (middle panel), a phenotypic aberration enhanced in the NBP;Numb double morphants (arrowheads, neurocoel;
arrows; HuC positive cells). (F) In the NBP morphant, Numb1 did not display the typical accumulation at the basal pole of cells (arrowhead, midline; arrow, basal pole of the neural
cells). Scale bar: A, B=100 μm, and C–F=5 μm.
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notochord (Supplemental Table S2 and not shown), displayed similar
aberrations as the ones observed in NBPmorphants. Numbmorphants
were stunted in growth (Fig. 3A), displayed C&E defects (Figs. 5A–E),
their epidermal cells were smaller than those in wild-type embryos
and showed TUNEL-positive cells in the neural tube after injection
of high doses of MOs (1 mM, not shown). The Numb morphants
did not survive the ﬁrst 24 h of embryogenesis with MOs injected at
600 μM.Numb and NBP interact genetically
To study the relationship between NBP and Numb genes, we
created NBP;Numb double-morphant embryos. NBP MO injected to-
gether with Numb MO, both at the concentration of 100 μM, did not
increase the percentage of affected embryos when compared to the
single-injected embryos (Supplemental Table S2). However, when
300 μM of each MOs were co-injected, a signiﬁcantly higher number
of embryos showed abnormal development, like shorter anterior–
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Fig. 5. NBP and Numbsmorphants are defective in C&E movements. Panels compare NBPmorphants (NBP MO) and Numbsmorphants (Numbs MO) with wild-type embryos (WT).
A–C show dorsal view, anterior up. D shows ﬂat preparations, anterior to the left. (A) ntla, 80% epiboly stage. Arrow indicates the notochord. (B) shhb, 90% epiboly stage. (C)myod1,
six-somite stage. (D) islet1, myod1, six-somite stage. (E) Mediolateral distance (in μm) in ﬁve different positions along the anterior–posterior axis in NBP MO (open columns),
Numbs MO (dotted columns) and wild-type embryos (ﬁlled columns). Scale bar: A–C=200 μm, and D=50 μm.
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morphant embryos were affected versus 39% and 51% of the NBP
and Numb morphants, respectively; Supplemental Table S2). Inter-
estingly, the NBP;Numb double-morphant embryos displayed aber-
rant neural tube morphology with more than one neurocoel visible
(26% of cases compared to 9% in NBP MO-injected embryos and 0%
for control and Numb morphants; Fig. 4C). These results suggest a
synergistic interaction between NBP and Numb. In additional exper-
iments, we analyzed whether the NBP knockdown inﬂuences the
Numb expression and vice versa. In situ hybridization analysis of
Numb morphants showed a more disperse and expanded pattern of
NBP mRNA in the head and in the trunk in comparison with wild-
type embryos (penetrance of over 90%, n=500; Supplemental Figs.
S3A, D, E). No difference in Numb expression pattern and intensity
was observed when we compared in situ hybridized wild-type em-
bryos with the ones injected with NBP MO (not shown). When we
analyzed the localization of Numb1-GFP in NBP morphants, we
could not detect the typical pattern with basal accumulation of
Numb1 (Fig. 4D, Reugels et al., 2006).
E-cadherin and catenins show altered distribution in morphant embryos
As initial morphological observations were suggestive of a role of
NBP in cell adhesion, we decided to challenge the embryos by calci-
um depletion by treating them with EGTA (20 mM). NBP MO-
injected embryos showed increased sensitivity to calcium depletion
when compared to either uninjected or NBP MOC-injected embryos
(30% for NBP MOs versus 5% for control and NBP MOCs; Fig. 3D).
To further investigate the putative role of NBP in cell adhesion, we
decided to analyze if absence of NBP if not affecting the distributionof the key adhesion proteins α-catenin, β-catenin and E-cadherin
and actin. In 24 hpf wild-type embryos, E-cadherin is localized at
the lateral and, for less extent, the basal side of EVL plasma mem-
brane (Fig. 3H). Catenins are also enriched basolaterally in the EVL
and in reduced amount in the plasma membranes of all tissues
(Figs. 3F, G and 4E). In addition, β-catenin is present in the nuclei
(Figs. 3F and 4E). Neural tube cells show the typical apical–basal
patterning with α- and β-catenin apical accumulation highlighting
the midline (Fig. 4E and not shown). The NBP morphants dis-
played some alterations in the distribution of α-, β-catenins and
E-cadherin. In embryos with defective neural tube formation, neural
cells were randomly orientated and the midline, normally rich in
actin, α- and β-catenin, was not differentiated (Figs. 4F and E and
not shown). Round epidermal cells detaching from each other
and released from the surface lacked E-cadherin (Fig. 3H) and also
α- and β-catenins or their presence was reduced to a limited area
where cells were in contact (Figs. 3F, G). In these limited are the
intact adherens and tight junctions were still present (Fig. 3E). En-
larged, spherical epidermal cells with round nuclei and E-cadherin
distributed all over the plasma membrane were frequently observed
at the dorsal side of the neural tube (Fig. 3H). These cells pro-
duced unorganized cell masses composed of spherical and enlarged
cells with plasma membrane enriched in both α- and β-catenins
(Figs. 3F, G). E-cadherin was present atypically in all cells being in
inner cells localized at the whole plasma membrane and in peri-
pheral cells to sites of cell–cell contacts, like in the case of α-
and β-catenins (Figs. 3F–H). As a rule, inner tissues underneath the
epidermal malformations contained cells without α-catenin in
the plasma membrane (Fig. 3G) and without β-catenin either in
the nuclei or in the plasma membrane (Fig. 3F).
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Here we characterize NBP as the ﬁrst interactor of Numbs in
lower vertebrates. The protein belongs to the lately characterized
but still poorly understood Kank family (Kakinuma et al., 2009; Zhu
et al., 2008). Surprisingly, common protein–protein binding motifs
responsible for the few known interactions between human Kank1
and Kank2 and their partners e.g. ankyrin repeats (Kakinuma and
Kiyama, 2009; Zhang et al., 2007) and coiled-coils (Kakinuma et al.,
2008; Roy et al., 2009), are not involved in the NBP-Numb binding.
We localized the Numb-binding region to the central part of NBP
which does not contain any known well conserved domain. The
NGGY stretch, which is necessary for the association with Numbs,
resembles the canonical NXXY motif known to be present in many
PTB domain-binding sequences (reviewed by Uhlik et al., 2005).
Very interestingly, this motif is well conserved among all Kanks
(sometimes glycine, in position −1 with respect to tyrosine, is
replaced by glutamic acid). Indeed, by searching in the Ensembl data-
base, we discovered that only 10% of more than 150 either partial
sequences covering the central parts of the proteins or full-length
sequences of putative vertebrates Kank proteins, do not contain the
NGG(E)Y motif mostly due to deletions of the central protein region
or insertions of short amino acid stretches within. It is worth to
mention that the NGG(E)Y motif in NBP is ﬂanked by very con-
served sequences among all vertebrates Kanks e.g. in position −4 in
respect to tyrosine, we identiﬁed a residue with highly positive
hydropathy index, either leucine, isoleucine or valine. Kank3 proteins,
including zebraﬁsh NBP, posses a tandem of such residues. Further
upstream is the much conserved sequence motif LQFVG, in which
sometimes valine is replaced by another highly hydrophobic residue
(either isoleucine or leucine). Characteristic amino acid residues
constellations are also present downstream of tyrosine in all Kanks
with absolutely conserved incidence of glutamic acid in position +1
followed by a threonine–serine residues rich region. We conclude
that, beside the already characterized well conserved Kank protein
regions as the ankyrin repeats, coiled-coils and KN motif (Kakinuma
et al., 2009; Zhu et al., 2008), the centrally placed NBR (at least in
zebraﬁsh NBP) described for the ﬁrst time in this study represents
another very conserved region characterizing the vertebrate Kanks.
The functional relevance of the much conserved residues arrange-
ment in the Numb-binding region requires further investigations. It
may be possible that also other Kanks may associate with Numbs.
On the other hand, the absence of the conserved NBR in invertebrate
Kank orthologs provokes the question if and how they are binding
to Numb orthologs. NGGY motif potentially may bind to PTB domains
of different proteins and the phosphorylation status of tyrosine in
NGGY may have a regulatory function like it has been described for
other proteins (Uhlik et al., 2005). Additionally, the idea that NBP
may compete with adhesion molecules for binding to Numb and by
this means regulate its function is very attractive. The Numb PTB
domain interacts with several NXXY motifs present in adhesion and
membrane proteins like integrins (NPXY motif, Calderwood et al.,
2003), E-cadherin (NVYY motif, Wang et al., 2009) and APP (NPTY
motif, Roncarati et al., 2002).
Immunolocalization studies signiﬁcantly contribute to under-
stand protein functions. In this aspect, studies on vertebrate Kanks
have been yet performed only on cultured cells. All four human
Kanks are preferentially cytoplasmic (Sarkar et al., 2002; Zhang
et al., 2007; Zhu et al., 2008). However, detailed studies on human
Kank1 showed that the situation can be more complicated. Kank1
produces at least two splicing isoforms where the short version is
predominantly cytoplasmic (Sarkar et al., 2002) whereas the long
version shows also nuclear localization (Wang et al., 2006). In more
recent studies, Kank1 co-localized predominantly at the cell peri-
phery with its partners IRSp53 (Roy et al., 2009) and KIF21A kinesin
(Kakinuma and Kiyama, 2009). Interestingly, KIF21A has beenshown to enhance the translocation of Kank1 to the membrane
(Kakinuma and Kiyama, 2009). Here, we present the ﬁrst localization
study of a vertebrate Kank member in intact tissues. With help of
the NBP–GFP chimeric protein, we have found a slight cytoplasmic
signal in cells of all tissues in developing embryos. Despite NBP pos-
sesses a putative bipartite nuclear localization signal proﬁle
PS50079 close to its N-terminus and also NES residues in close vicin-
ity to the NLS, it seems that these signals are insufﬁcient for shut-
tling the protein in and out the nuclei. Furthermore, the overall
prediction by PSORT2 program using the k-nearest neighbor (k-NN)
algorithm suggests that NBP should be rather cytoplasmic than
nuclear. Very interestingly, during gastrulation NBP accumulates pe-
ripherally to sites of cell–cell contacts. In later stages of development,
NBP enriches at basal poles of cells in contact with the basement
membrane or the extracellular matrix at organ boundaries in differ-
ent cell types and basolaterally in epidermal cells. We can therefore
speculate that such distribution reﬂects some role of NBP in esta-
blishing and/or maintaining cell adhesion and/or cell polarity. Inter-
estingly, recent studies on human Kank1 showing that the protein is
mainly accumulated at the leading edges of carcinoma cultured cells
i.e. the place with strong surface adhesion to the extracellular matrix
(Kakinuma and Kiyama, 2009; Roy et al., 2009), have outlined a sim-
ilar function for this protein. Very importantly during revision of
the present manuscript Ihara et al. (2011) demonstrated that the
C. elegans Kank ortholog VAB-19 together with integrin INA-1/PAT-3
accumulated in vulval cells at the basement membrane gap boundary
and halt expansion of the sliding basement membrane. As NBP is lo-
calized in different tissues at the contact with the basement mem-
brane it may play a similar role in regulating membrane sliding.
By histochemistry studies with epitope-tagged NBP and Numbs
used in the BiFC assay, we demonstrate that Numbs play a crucial
role in targeting NBP to speciﬁc sub-cellular sites. Furthermore, in
the BiFC assay we show that co-expressed Numbs and NBP physically
bind in the place of co-localization. Despite the BiFC technique may be
sometimes tricky (e.g. we prepared different constructs with full-
length and truncated versions of NBP with attached YN and YC frag-
ments in either amino- or carboxyl-position but the signal was
obtained only with the truncated version of NBP fused to the
N-terminus of N-terminal YFP fragment), we believe that this ap-
proach, together with the obvious advantages offered by the zebraﬁsh
model during the early development, can be successfully imple-
mented for in vivo protein–protein interaction studies.
Another indication that NBP may be involved in cell adhesion-
dependent processes is coming from assessments of morphant em-
bryos. We show that NBP is essential for proper early and late
embryogenesis and maintaining embryo integrity. The most notice-
able feature of the NBP morphants in early development is repre-
sented by anteroposterior shortening and mediolateral expansion
of the embryonic axis indicating problems of C&E movements during
gastrulation in both the developing neuroectoderm and the underly-
ing axial and paraxial mesoderm. During gastrulation, several modes
of cell movements take place (Roszko et al., 2009; Yin et al., 2009 for
reviews), however it has became clear that all types are similar in
matter and that adhesion between cells and between cells and the
extracellular matrix, respectively, is a key factor regulating cell
movement (Hammerschmidt and Wedlich, 2008 for review). It is
worth to mention that the depletion of key regulators of cell adhe-
sion like E-cadherin (Shimizu et al., 2005), Protocadherin-18a
(Aamar and Dawid, 2008), Paraxial Protocadherin (Kim et al.,
1998), N-cadherin (Warga and Kane, 2007) and integrin (Davidson
et al., 2006) also leads to C&E defects in zebraﬁsh and Xenopus. It
is challenging for the future to trace in detail cell movement and
the distribution of key adhesive molecules during gastrulation in
NBP morphants.
Cell bulging and detachment from the embryonic surface and
irregular shape and size of epidermal cells during late embryogenesis,
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in the NBP morphants may be attributed also to altered cell
adhesion. In invertebrate and vertebrate model organisms, such as
Drosophila, C. elegans, zebraﬁsh and mouse, an essential role of adhe-
sion molecules in keeping epidermal integrity is well documented
(Niessen, 2007 for review). In zebraﬁsh, basal epidermal cells
hyper-proliferate and migrate to ectopic positions if the pen/lgl2
gene, encoding an important hemidesmosome protein participating
in maintaining adhesion between basal epidermal cells and the un-
derlying basement membrane, is mutated (Sonawane et al., 2005).
The formation of skin aggregates is observed in mutants for the ep-
ithelial cell adhesion molecule (EpCAM), a type I single span trans-
membrane glycoprotein implicated in cell adhesion and migration
(Slanchev et al., 2009). Cells released from the embryos surface
have been reported in embryos over-expressing the heterotrimeric
G protein Gα13a, which may negatively regulate E-cadherin-
mediated cell–cell adhesion (Lin et al., 2009) and also directly in
the E-cadherin/half baked/cdh1 mutants (Shimizu et al., 2005). Inter-
estingly, we have found over-accumulated and mislocalized E-
cadherin in aberrantly rounded epidermal cells and in cells of
clumps released from the mutant embryo surface. It is quite possible
that NBP is connected in some way with this important adhesion
protein. Notably, the physical interaction between Numb and E-
cadherin has been demonstrated recently (Rašin et al., 2007; Wang
et al., 2009).
Our study demonstrates that NBP is required for proper neurula-
tion. NBP morphants display neurulation defects resembling neural
tube closure fault and also loss of neural tube integrity, appearance
of unorganized and unpolarized masses of cells and cell apoptosis in
the hindbrain. The grounds of these diverse abnormalities are proba-
bly very complex but some, at least partially, may be attributed to de-
fective cell adhesion and/or polarity. In zebraﬁsh, the neural plate
folds inward at the midline to form a neural keel, which progressively
rounds up and forms a nerve rod, a massive cellular conglomerate.
Subsequently, the neurocoel forms ventrally towards dorsal levels
giving rise to the neural tube (Geldmacher-Voss et al., 2003 and refer-
ences within). These processes are dependent on convergence move-
ments, cell adhesion and establishment of apicobasal polarity and
mutants for many vertebrates' proteins involved in these pathways
show neurulation defects (Greene and Copp, 2009 for review) similar
to the ones observed in the NBP morphants. In zebraﬁsh, partial clo-
sure and loss of neural tube integrity is observed in the N-cadherin
mutant parachute/glass onion (Hong and Brewster, 2006; Lele et al.,
2002) and disorganization of brain is documented in the case of
grumpy and sleepy mutants for laminin beta1 and laminin gamma1,
respectively, major noncollagenous constituents of basement mem-
branes controlling, among others, cell adhesion and migration
(Odenthal et al., 1996). Interestingly, Numb and Numblike are also
crucial for vertebrate central nervous system development. The
Numb and Numblike double knockout mice display large defects in
cranial neural tube closure (Zhong et al., 2000; Zilian et al., 2001), dis-
ruption of neuroepithelial integrity and adherens junctions in the
forebrain (Petersen et al., 2004; Rašin et al., 2007).
There is no indication yet whether NBP is involved in Numb-
mediated endocytosis or it is acting in a completely different man-
ner. Results accumulated from comprehensive interactome studies
on model organisms like C. elegans and Drosophila, and also from
the few published studies on human Kank proteins and on the C. ele-
gans Kank homolog VAB-19, suggest a rather multifunctional mode
of action of Kanks. Well documented is the association of Kanks
with the actin cytoskeleton network, known to play crucial roles in
diverse cellular functions, among them also in turnover of cell adhe-
sion, cell motility and establishing and maintaining cell polarity
(Ridley et al., 2003). The most notable indications in this aspect
are coming from recent studies on human Kanks performed by the
Kiyama's laboratory (Kakinuma et al., 2008, 2009; Roy et al., 2009;Zhu et al., 2008). The authors have shown that Kank1, present in
leading edges of migrating cells cultured in vitro, may affect the di-
rection of cell movement by negatively regulating actin polymeriza-
tion in two distinct ways, i.e. by inhibiting the binding of Rac1 to the
insulin receptor substrate p53 (IRSp53) and by inhibiting the activa-
tion of RhoA (another small GTPase known to participate in actin
modiﬁcation) by binding to the 14-3-3 protein. Noteworthy, VAB-
19 was also shown to participate in actin remodeling (Ding et al.,
2003). Despite Kank1 shares only 30–40% identity with its human
homologs, pull-down studies suggest that all Kanks may share a
common function, at least in regulating actin polymerization
through the inhibition of RhoA activity (Kakinuma et al., 2009; Zhu
et al., 2008). However, data on the connection between actin cyto-
skeleton and Kanks in intact tissues are absent. A detailed analysis
of the actin cytoskeleton organization in cells of NBP knockdown
embryos during gastrulation may bring interesting results. It is
worth to mention that numb-shRNA cells, alongside other defects,
show also actin disturbance (Wang et al., 2009).
In conclusion, several interesting pieces of evidence have been
accumulated in previous studies on Numb, a well known adaptor
affecting many biologically important processes, and on the rather
poorly investigated Kanks, which suggest some possible connection
between these proteins. They are tumor suppressors, are important
for neurite development, are basally localized in cultured cells and in-
teract with the same partners like β-catenin, 14-3-3 and GRIP-1
(Kakinuma et al., 2008; Rašin et al., 2007; Tokumitsu et al., 2006;
Wang et al., 2006; Ye et al., 2000). Here, we demonstrate that NBP,
the zebraﬁsh Kank3, directly interacts with Numbs. The NBP ubiqui-
tous expression and embryo lethality of the NBP zebraﬁsh morphants
imply the importance of this non-redundant gene in embryo develop-
ment. The partially overlapping localization pattern of NBP and
Numbs, the similar phenotypes of the Numb and NBP morphants
and the extreme phenotype of the NBP;Numb double-morphant
embryos indicate that both genes act in the same genetic pathway.
However, the precise biochemical function of NBP remains to be
revealed. NBP does not contain any enzymatic domain but it pos-
sesses potential protein–protein interaction modules as several
ankyrin repeats and coiled-coil motifs; moreover, in the present
study, we characterize another domain responsible for binding of
NBP to Numbs, which is conserved among all Kanks and may puta-
tively bind other proteins containing PTB domains. Taking together,
on the base of current knowledge we hypothesize that NBP acts like
an adaptor protein. It is well known that multimolecular signaling
complexes are assembled around adaptors. The interaction between
NBP and Numbs, two adaptors with multiple binding sites, may
bring distinct pathways together.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2012.02.021.
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